A thermophilic upflow anaerobic sludge blanket (UASB) reactor degrading acetate was started by applying published methods (W. M. Wiegant and A. W. A. de Man, Biotechnol. Bioeng. 28:718-77, 1986) for production of granules dominated by Methanothrix spp. The reactor was inoculated with thermophilic digested sludge. No granules were observed during the first 7 months of start-up of the UASB reactor. However, after the concentrations of potassium, phosphate, ammonium, and magnesium in the medium were gradually increased, granules developed, indicating that there was a critical concentration of one or more of the ions required for production of granules from the starting material. After several years of stable operation, the effect of removing 60%o of the granular sludge was investigated. Immunologic qualitative and quantitative studies showed that removal of the granular sludge resulted in an increase in the number of the predominant methanogens, antigenically related to Methanosarcina thermophila TM-1 and Methanosarcina mazeii S-6, and Methanobacterium thermoautotrophicum AH and GC1. These changes were accompanied by modifications of the microanatomy of the granules, as demonstrated histochemically and immunohistochemically. The results indicated that different catabolic pathways dominated in different regions of the granules, i.e., acetate oxidation in the middle of the granules, where there is a low acetate concentration, and an aceticlastic reaction in the outer surfaces, with a high acetate concentration. The results also showed that removal of granules from a UASB reactor which has been under steady-state operation for a long period can improve the reactor's performance via formation of denser and larger granules with improved microbial activities.
Upflow anaerobic sludge blanket (UASB) reactors are used for anaerobic treatment of a wide spectrum of organic wastewaters. The bacteria responsible for anaerobic degradation in these high-rate processes are retained in the reactor as dense aggregates termed granules, endowed with good settling characteristics. Successful development of granular sludge can only be achieved through a careful start-up of the reactor (16) .
Microbial methanogenesis from acetate is a quantitatively important terminal reaction in the anaerobic decomposition of organic matter, as acetate is the precursor of approximately two-thirds of the methane produced (1, 31, 32, 41) . Two different mechanisms of acetate catabolism have been described: the aceticlastic reaction, by which the methyl group of acetate is transformed into methane by acetotrophic methanogens belonging to the genera Methanothrix and Methanosarcina; and the syntrophic acetate oxidation reaction, in which acetate is first oxidized by a nonmethanogenic acetate-oxidizing organism to hydrogen and carbon dioxide, which are then metabolized by hydrogenotrophic methanogens to methane (1, 25, 45) .
Methanothrix and Methanosarcina spp. are the main * Corresponding author.
acetotrophic methanogens that occur in UASB reactor granules (8a, 12, 13, 37) . Several studies done with transmission electron microscopy have shown that Methanothrix-like organisms dominate the granules of mesophilic UASB reactors (9) (10) (11) 26) . However, Methanosarcina spp. were found to predominate under mesophilic conditions in some granules, and only small quantities of Methanothrix-like organisms were detectable (27, 28) . In addition, Methanosarcina was found to be the only genus of acetotrophic methanogens present in thermophilic UASB granules grown on acetate (29, 30 (6, 34, 41, 46) , while the Ks for the thermophilic Methanothrix spp. are below 1 mM acetate (40, 44 always be over 80% and the acetate concentration in the effluent should always be less than 0.2 g of COD per liter (3.1 mM).
In the present study, we examined the start-up of a thermophilic UASB reactor degrading acetate by the criteria set by Wiegant and de Man (37) . We also investigated the effect of removing 60% of the granular sludge on reactor performance, the characteristics of the granules, methanogenic subpopulations, and microbial activity. Sample preparation. The wet and dry weights of the granules were determined by standard methods (7) . For cell identification and counting, the granules were disrupted with a Teflon piston tissue grinder (Tri-R Instruments, Rockville Center, N.Y.) to obtain a homogeneous suspension. Part of the cell suspension obtained was treated with formalin and prepared for immunologic testing (18, 20) . Cell identification and counting. The slide immunoenzymatic assay constellation was used for the immunologic identification and enumeration of methanogens as described previously (20, 21) . This method involved a series of complementary assays, including indirect immunofluorescence, immunoenzymatic reactions, Gram staining, and microscopic observation under epifluorescence, phase-contrast, differential interference-contrast, and bright-field illumination. Methanogens were identified by the antigenic fingerprinting method (18, 19) . Reference methanogens (see below) were used as controls and as reference morphotypes in each test. The antigenic fingerprinting results were compared with fingerprints in our data base (18, 20, 21) . Total cell counts were done with a hemacytometer (improved Neubauer Hemocytometer; Max Levy, Philadelphia, Pa.) by standard procedures (14, 30, 35) . All experiments were run at least in triplicate.
MATERIALS AND METHODS
Panel of reference methanogens. Reference methanogens whose physiologic, taxonomic (3, 5) , and antigenic characteristics (18, 19) had been determined previously were used in the slide immunoenzymatic assay constellation as positive, negative, and morphotype controls as described previously (18, 20, 21) . These organisms are listed below in the order prescribed by the antigenic fingerprinting method; the number preceding each methanogen defines its position in the fingerprint (18, 19) Antibody probes. Calibrated antibody probes were derived from antisera against the reference methanogens listed above and used for antigenic fingerprinting as described previously (18, 19) .
Histochemistry and immunohistochemistry. The granule samples were preserved overnight in Telly's fixative, placed in 70% alcohol for 6 to 8 h, and then dehydrated with the automated Ultratechnicon system to embed the granules in paraffin (22) . Thin sections (5 ,um) were made with an 820 Spencer microtome (American Optical Instrument Company, Buffalo, N.Y.). The sections were collected on 14-mm glass slide circles with heavy Teflon coating (20) . After the paraffin was cleared from the slide, the thin sections were processed and stained by standard methods for tissue sections (8, 17) . Indirect immunofluorescence was performed with the antibody probes by current techniques (17, 22) . Microscopic observation and photography were done with a Zeiss Axiophot microscope.
Radioisotope experiments. The fate of 14CH3COOH was tested in 20-ml serum vials (total volume, 24.7 ml) containing 10 ml of modified UASB medium (30) 2 N HCl into the vials. After equilibration for 5 h, labeled methane and carbon dioxide levels were determined as described previously (25) . The radioactivity in the labeled samples was counted in an LKB 1217 Rackbeta liquid scintillation counter and corrected for quenching by the external standard method. Results were corrected for CH4 absorption in Lipoluma scintillation cocktail, CO2 absorption in the medium, and counts removed during gas sampling.
Microscopic examination. Granule samples were prepared for scanning electron microscopy by a cryotechnique (Hexlum Cryosystem). Water in the sample was sublimed away at -75°C, and the dried sample was spot-coated with goldpalladium at 150'C. A Cambridge S360 scanning electron microscope was used to examine the samples. Light microscopy was done with an Olympus BH2 microscope. Analytical procedures. Volatile fatty acids and methane were quantified by gas chromatography with flame ionization detection (33) . The diameters of the granules were measured with a charge-coupled device camera and a computer program developed at the Institute of Mathematical Statistics and Operation Research, the Technical University of Denmark, as previously described (29) . The dry weight and VS content were determined by standard procedures (7) . The estimated amount of VS in the reactor and the average conversion rate of acetate were used to calculate the specific acetate degradation rate.
RESULTS
Start-up of the UASB reactor. A 5-liter thermophilic UASB reactor was inoculated with thermophilic digested sewage sludge and fed with medium at a low linear flow rate (1.3 cm/h; hydraulic retention time, 63 h) and an OLR of 0.57 g of COD per liter per day. Acetate conversion was low for the first 40 days. To account for washout of biomass (71% of the inoculum) and to improve acetate removal, the reactor was reinoculated with extra inocula on days 42 and 65. The OLR was increased on days 82, 149, and 155 ( Fig. 1) , when the acetate concentration in the effluent from the reactor was less than 0.2 g of COD per liter, i.e., the criterion for selection of Methanothrix-dominated granules (37) . However, after 198 days of operation, no granules were observed.
In an attempt to induce granulation of the reactor sludge, the medium was gradually changed to modified UASB medium (30) from days 198 to 236. As a result, the conversion of acetate increased, whereafter the OLR was raised again on day 215 (Fig. 1) . The first granules were observed on day 250, consisting mainly of Methanosarcina spp., as determined by phase-contrast microscopy.
On day 248, a large part of the sludge bed was lost from the reactor because of broken tubing, and the reactor was inoculated again with thermophilic digested sewage sludge, while the OLR was decreased to 2.58 g of COD per liter per day. Over the next 300 days, the OLR was increased in a stepwise manner (Fig. 1) The distribution of the diameters (d) of the sludge granules before and after removal of the granular sludge is shown in Fig. 2 . Sludge removal resulted in a reduction in the number of the small granules (d < 0.3 mm) paralleled by an increase in the production of larger granules (d > 0.6 mm). The average diameter increased from 0.38 to 0.44 mm.
Examination by both light microscopy and scanning electron microscopy showed that Methanosarcina spp. were the most abundant microbes in both granule samples, AOId and Anew (Fig. 3) . Long and short rod-shaped bacteria were also present. Many of the rod-shaped bacteria were autofluorescent under epifluorescence illumination, indicating that they were methanogens; the number of autofluorescent rods was higher in sample Ane, than in sample Anid (data not shown).
Methanogenic subpopulations detected immunologically. (Fig. 4b) . Single cells related to M. barkeni 227 and M. barkeri MS were not observed in the samples studied.
(iii) Methanogenic rods. Figure 4c shows the concentration of the predominant rod-shaped methanogens detected immunologically. The number of rod-shaped bacteria antigenically related to Methanobacterium thennoautotrophicum AH and to M. thermoautotrophicum GC1 increased from samples AOldto Anew. Minority subpopulations of methanogenic rods antigenically related to M. arboriphilus AZ (Fig. 4c) and to M. bryantii MoH and M. bryanteii MoHG (not shown) were detected only in AOld and in very low numbers.
(iv) Other methanogens tested. Methanogens antigenically related to Methanobrevibacter smithii PS, Methanobrevibacter smithii ALI, Methanospirillum hungateii JF1, Methanobrevibacter arbonphilus DH1, Methanobacterium formicicum MF, Methanothrix soehngenii Opfikon, and Methanothrix thermophila CALS-1 were not observed in the samples.
Total microbial counts and total methanogenic population detected immunologically. seen in sections cut perpendicularly to the roll axis, it appeared as a spiral or large ring, sometimes hollow and other times with rods and filaments inside (Fig. Sa) . This structure was typically found throughout the granules. The bacteria in these blankets were antigenically related to Methanosarcina mazeii S-6 and to M. thermophila TM-1 ( Fig. Sb; negative control in Fig. 5g) . In sample A., the most typical microanatomic images were a net of filaments and coccoidal cells that formed a dense blanket and large aggregates or thick cords. The latter two structures were located predominantly near the granule surface ( Fig. 5c and  d) . The coccoidal cells in these areas reacted in most sections with the antibody probe for M. thernophila TM-1 ( Fig. Se and f) .
The predominant rods found in the samples were antigenically related to M. thermoautotrophicum AH and GC1. These rods appeared in cross-sections as small elongated dots, distributed throughout the thin sections in proximity to the coccoidal cells, as shown for sample A.,w in Fig. 6a and b. The rods were less abundant in the Aold granules (data not shown).
Test for different metabolic pathways in the granules at different acetate concentrations. (15) . The total counts in the headspace of killed controls never exceeded 1% of the total counts added, independent of the initial acetate concentration (data not shown), indicating that the transformation of acetate was a biological process.
DISCUSSION
No granules were observed during the first 7 months of start-up of the UASB reactor. However, as the medium was gradually changed to provide a higher concentration of ions, the first granules developed, indicating that a critical concentration of potassium, ammonium, phosphate, or magnesium ions was required for the production of granules from the starting material. The effect of phosphate and magnesium on the maintenance and development of granular sludge was investigated further. P043-concentrations of 0 to 10 mM had no apparent influence on the size and structure of the granules during a 3-month experiment (38) , while Mg2' had a strong influence on the structure and size of the granules (29, 30) . When the Mg2+ concentration was decreased from 0.5 to 0 mM Mg2+, the granules became less dense and the predominant microbial population in the granules changed from Methanosarcina spp. to methanogenic rods. When the magnesium concentration was increased from 0.5 to 30 or 100 mM Mg2+, disintegration of the granules was observed, with production of single cells (29, 30) . Similar effects of magnesium on the morphology of Methanosarcina spp. have been observed (2, 4, 39) . The influence of ammonium and potassium was not studied in detail.
The granules produced contained Methanosarcina spp. as the predominant methanogens, while no MethanothriJ spp. were found, possibly because the starting material contained no Methanothrix spp. (25) . The The immunologic studies showed that removal of granular sludge resulted in an increase in the number of Methanosarcina packets antigenically related to M. thernnophila TM-1 and M. mazeii S-6 and methanogen rods antigenically related to M. thermoautotrophicum AH and GC1. The increase in the number of hydrogenotrophic rods was pronounced, indicating that hydrogen production increased, perhaps as a result of an increase in the oxidation of acetate after removal of the biomass.
Histochemical and immunohistochemical analyses showed that the inner structure of the granules changed after sludge removal. Methanosarcina spp. appeared in various morphological forms depending upon the sample, i.e., mainly as a cellular blanket rolled upon itself in sample AOld and as large aggregates or thick cords near the granule surface in sample Anew. Similar morphologic forms have also been described in pure-culture studies, in which divalent cations were shown to have an effect on the formation by M. mazeii S-6 of a blanket-like structure termed the lamina (23) and on the disaggregation of M. thernophila TM-1 or M. mazeii S-6 to yield single cells (2, 4, 39) . The morphologic changes in the Anew sample, together with the increase in the size of the granules, dry weight, and the number of cells per gram dry weight, show that the granules became larger and denser after sludge removal.
It can be expected that the concentration of acetate inside the granules will vary, giving a higher concentration of acetate near the surface than near the center of the granules. Therefore, different metabolic pathways might coexist in different areas of the granules. The same phenomenon of mixed metabolism was seen in a sewage sludge digester, in which either an acetate-oxidizing coculture or acetotrophic Methanosarcina spp. could be enriched by adjusting the acetate concentration (25) . The granules used in the present study were produced from the same sewage sludge as the inoculum. The reason for the increase in the number of hydrogenotrophic methanogens after removal of sludge could be that the size of the granules increased, resulting in a lower concentration of acetate in the center of the granules, favoring syntrophic acetate oxidation.
The results in the present study showed that the UASB granules were actually substrate limited during long-term steady-state operation, probably causing most of the biomass to exist in a stationary phase or to decay. Removal of a substantial portion (60%) of the granular sludge led to an increase in substrate loading per unit of biomass remaining in the reactor, resulting in growth of the sludge bed until a new steady state was reached, with larger and denser granules. Removal of granules from a UASB reactor running under steady-state conditions for a long period could therefore be a way to improve reactor performance by allowing the formation of denser and larger granules with improved microbial activity.
